T cell development within the thymus requires interactions between thymocytes and various types of cells, such as cortical and medullary epithelial cells, APC, and endothelial cells. These interactions occur at distinct anatomical sites within the thymus. Therefore, trafficking of cells within the thymus plays an important role in normal thymic development.
Chemokines represent a family of structurally related small molecules that regulate leukocyte migration through interactions with a subset of seven-transmembrane receptors. The role of chemokines in thymus development and function has become more evident with the finding that several chemokines are constitutively expressed in the thymus, including thymus-and activation-regulated chemokine (1), thymus-expressed chemokine (TECK) 2 (2), dendritic cell (DC)-derived CC chemokine (3), IFN-inducing protein 10 (IP-10) (4), I-309 (5), EB11-ligand chemokine (ELC) (6) , secondary lymphoid tissue chemokine (also known as thymus-derived chemotactic agent 4) (7, 8) , macrophage-derived chemokine (MDC) (9) , and stromal-derived factor-1 (SDF-1) (10) . For many of these chemokines, the cellular sources of chemokine production in the thymus and the target cells migrating in response to chemokines were identified. For example, thymic epithelial cells have been shown to express MDC (9), IP-10 (4), and ELC (11) . Thymic DC have been shown to express TECK (2) , and IP-10 mRNA was detected in thymocytes (4) . Several chemokines have been shown to induce the migration of thymocytes: TECK and MDC were shown to induce the migration of immature thymocytes through CCR9 and CCR4, respectively (9, 12) , and secondary lymphoid tissue chemokine and ELC induced the migration of mature thymocytes (11, 13) . Although recent studies from our laboratory demonstrated that thymocytes bind I-309, no I-309-induced signaling was detected, suggesting that the contribution of I-309 to thymopoiesis may not involve chemotaxis (14) . SDF-1, initially described as a CXC chemokine produced by bone marrow stromal cells, plays an important role in B cell maturation (10, 15) . Studies from our laboratory and others demonstrated that SDF-1 is also a highly efficacious chemoattractant for immature thymocytes, and CD34 ϩ human progenitor cells (16, 17) . The detection of SDF-1 mRNA in human thymic tissue (10, 16) suggested that SDF-1 may be involved in the trafficking of cells within the thymus.
In the current report we studied the in situ expression of SDF-1 in human thymus and its potential role in the elimination of apoptotic thymocytes in normal and HIV-1-infected thymic tissues.
Materials and Methods

Immunohistochemical analysis
The following Abs were used throughout the study: goat polyclonal Ab specific to human SDF-1 (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-S100 Abs (DAKO, Carpinteria, CA), mouse mAbs specific to cytokeratins A1/A3 and CD68 Ag (DAKO), biotinylated swine anti-rabbit Abs (F(abЈ) 2 ; DAKO), biotinylated horse Abs specific to goat IgG, and biotinylated horse Abs specific to mouse IgG (Vector Laboratories, Burlingame, CA).
Fresh thymus fragments were obtained during cardiac surgery on children (aged 1 mo to 3 yr) with congenital valvular malformations. The research studies were approved by the institutional review board of the National Institutes of Health. Fresh thymic tissues were immersed in OCT compound (Stephens Scientific, Riverdale, NJ) and rapidly frozen in liquid nitrogen, and 6-m sections were cut on a cryostat. In parallel, thymic tissues were fixed in 10% formalin (Sigma, St. Louis, MO) for 4 h, washed twice with PBS, and immersed in 70% ethanol. Serial sections of the formalin-fixed paraffin-embedded thymic tissue blocks were prepared by American HistoLabs (Gaithersburg, MD). Immunohistochemical staining was performed on cryostat sections fixed in acetone for 7 min or on paraffin-embedded sections after deparaffinization and rehydration. Sections were exposed to 3% hydrogen peroxide solution (Sigma) to neutralize endogenous peroxidases. After incubation with the blocking buffer (2% normal serum from the source of the secondary Ab, 1% BSA (Vector), and 2% Tween 20) for 45-60 min at room temperature, sections were treated with Abs against S100, A1/A3, CD68, or SDF-1 for the indicated times, followed by treatment with biotinylated anti-rabbit, anti-mouse, or anti-goat Abs for 1 h. Subsequently, sections were incubated using the Vectastain ABC kit or the Vectastain-ABC-AP kit, and color was developed using the following substrate solutions: diaminobenzidine (DAB), Vector VIP, or Vector Red according to the manufacturer's instructions (Vector). Sections were counterstained with hematoxylin (Vector) and mounted with Permount (Fisher Scientific, Fairlawn, NJ).
In some experiments, anti-SDF-1 Abs (2 g/ml) were incubated with 20 g/ml of either SDF-1 or RANTES (PeproTech, Rocky Hill, NJ) overnight at 4°C on a rocking platform. Anti-SDF-1 Abs adsorbed with chemokines were then used in immunohistochemistry on cryostat sections.
Detection of apoptosis
Apoptosis was detected by Molecular Histology Laboratory (Montgomery Village, MD). In brief, paraffin-embedded slides were digested in proteinase K, exposed to 3% hydrogen peroxide solution, and subjected to TdT end labeling, followed by development with avidin-conjugated peroxidase and New Fuchsin substrate (red chromogen). Slides were counterstaining with hematoxylin.
Preparation of DC
DC were cultured from adult plastic-adherent PBMC as previously described (18) , but with minor modifications. Briefly, PBMC from healthy blood donors were resuspended in RPMI 1640 (Life Technologies, Grand Island, NY) supplemented with 10% (v/v) heat-inactivated FBS (Biofluids, Rockville, MD), 100 U/ml penicillin (Life Technologies), 100 g/ml streptomycin (Life Technologies), 2 mM L-glutamine (Life Technologies), 10 mM HEPES (Life Technologies), and 5 ϫ 10 Ϫ5 M 2-ME (Sigma; complete medium) at 5-8 ϫ 10 6 cells/ml and placed into 100-ϫ 20-mm tissue culture plates (BD Biosciences, Lincoln Park, NJ) for 2 h at 37°C. Nonadherent cells were drawn off, fresh complete media were returned to culture wells supplemented with 1000 U/ml recombinant human GM-CSF (Immunex, Seattle, WA) and 1000 U/ml rhIL-4 (R&D Systems, Minneapolis, MN), and then the cells were placed in a humidified 5% CO 2 environment at 37°C. Half the total volume of medium with fresh complete medium and cytokines was replaced every other day. On day 7, DC were harvested and washed, and contaminating T cells, monocytes, NK cells, and B cells were removed from DC by immunomagnetic bead separation as previously described (18) . The purity of DC was always Ͼ95%.
Induction of apoptosis in thymocytes
Thymocyte purification was performed as described previously (16) . To induce apoptosis, thymocytes were first labeled with membrane linker PKH26 Red (Sigma) and then cultured in RPMI 1640 medium (Sigma) with 10% FCS (Sigma) and dexamethasone solution (Sigma) at a final concentration of 20 M. Cells were harvested after 20 h of culture and analyzed for levels of apoptosis using the TACS annexin V-FITC kit (Trevigen, Gaithersburg, MD) according to the manufacturer's instructions. Flow cytometry was performed using FACScan and CellQuest software (BD Biosciences).
Phagocytosis of apoptotic thymocytes
Phagocytosis of apoptotic thymocytes by immature DC was examined using an immunofluorescence microscope and by flow cytometry. For both assays, immature DC were labeled with PKH67 Green (Sigma) according to manufacturer's instructions and mixed with PKH26-labeled untreated thymocytes or PKH26-labeled thymocytes pretreated with dexamethasone overnight (apoptotic) at a 1:3 ratio. After 4 h of coculture, an aliquot of 20,000 labeled cells was aspirated, cytocentrifuged onto glass slides using Cytospin 2 centrifuge (Shandon, Pittsburgh, PA), air-dried for 1 h, and then examined using an immunofluorescence microscope. Digital images of the cell monolayers containing phagocytic cells were generated using FITC and rhodamine filters. In parallel, after 24 h of cell culture cells were harvested, and flow cytometry was performed to determine the level of phagocytosis by enumerating the amount of double-positive DC.
Evaluation of CXCR4 expression and CXCR4 function on DC
Immature DC were cultured alone, in the presence of either untreated thymocytes or apoptotic thymocytes at a 1:3 ratio, or in the presence of soluble trimeric recombinant human CD40 ligand (CD40L; 1 g/ml; Immunex) in medium supplemented with GM-CSF and IL-4. After 24-h culture, cells were harvested, and CXCR4 expression and function were evaluated by flow cytometry and chemotaxis assay, respectively. For CXCR4 surface staining, cell suspensions were incubated with PE-conjugated 12G5 Abs (BD PharMingen, San Diego, CA). During FACS analysis, gates were set up on DC using forward and side scatter parameters that allowed determination of CXCR4 expression on DC.
For the chemotaxis assay, DCs were counted using a hemocytometer, and 200,000 DC in 25 l serum-free RPMI 1640 were loaded into the upper compartment of a microchemotaxis chamber (Neuroprobe, Cabin John, MD). Thirty-one microliters containing 10 nM SDF-1 (PeproTech) were added to the lower compartment. A polyvinylpyrollidone-free polycarbonate filter with 5-m pores separated the two compartments. The chemotaxis chamber was incubated for 3 h at 37°C with 100% humidity and 5% CO 2 . The filter was then removed, and the numbers of DCs migrating into each bottom compartment were counted from the lower chambers. In preliminary experiments we determined that DCs were not attached to the underside of the filter at the end of incubation period. All experimental groups were set up in triplicate. In addition, preliminary chemotaxis experiments with a range of SDF-1 concentrations from 1 nM to 1 M demonstrated that 10 nM SDF-1 induced the largest number of migrating DC. Therefore, only this concentration was used in additional experiments.
After the filters of the chemotaxis chambers were removed, 20 l of the suspensions from the lower compartments of 10 identical microchemotaxis chambers were pooled, diluted 1/1 with PBS, and subjected to flow cytometry to determine the numbers of migrated DC. The acquisition parameter of the FACScan was set up for 100 s, and the number of events collected within the DC gates was counted.
Infection of SCID-hu mice
SCID-hu mice were constructed by implanting second-trimester fetal tissues under both kidney capsules and were infected with macrophagetropic, laboratory-adapted viruses (SF-162, JR-FL) or with primary, dualtropic virus isolate 3284 by i.p. injection of 8000 50% tissue culture infective doses in a volume of 0.8 ml (19, 20) . These SCID-hu mice were sacrificed by lethal ether inhalation 3 mo after infection. Thymic implants were removed, and sections were prepared from formalin-fixed paraffinembedded thymic tissue blocks. The consent forms and procedures used in this study were reviewed and approved by the Albert Einstein College of Medicine committee on clinical investigation. All tissue was obtained from HIV-1-negative fetuses.
Results
Location of SDF-1 protein expression in human thymic tissue
SDF-1 mRNA was shown by us and others to be expressed within the human thymus (10, 16) . To decipher the role of SDF-1 in thymopoiesis, the location of SDF-1-expressing cells within the thymus was studied on cryostat sections of normal human thymic tissue. High levels of SDF-1 expression were detected in cells forming the outer walls of Hassall's corpuscles (HC) in the medulla (Fig. 1, a and b) . In addition, a low level of SDF-1 staining was detected in the subcapsular area of the thymic cortex (data not shown). The specificity of staining was demonstrated by the absence of signal in the presence of normal goat IgG (Fig. 1c) and the complete blocking of staining with recombinant SDF-1, but not with RANTES (Fig. 1, d and e) . To determine the identity of SDF-1-expressing cells in the medulla, serial sections from paraffin-embedded thymic blocks were stained with anti-SDF-1 and anti-cytokeratin A1/A3 Abs. In the paraffin-embedded sections, SDF-1-expressing cells were also detected in the outer walls of the HC, although with somewhat lesser staining intensity compared with cryostat sections (Fig. 1f) . Staining of serial sections with Abs against cytokeratins demonstrated that the SDF-1-positive cells in the thymic medulla were of epithelial origin (Fig. 1g) . A role of HC in the removal of dying cells from the thymus was previously suggested (21) . To obtain direct evidence of this role of HC, sections derived from normal human thymus were subjected to in situ apoptosis detection (TUNEL assay) (Fig. 1h) . Strong positive staining was detected in the HC in the presence (Fig. 1H ), but not in the absence (Fig. 1i) , of TdT enzyme.
Immunolocalization of DC in human thymus to HC
CXCR4, the only known receptor for SDF-1 (22) , has been found to be expressed by many cell types that colonize the thymus, including thymocytes, macrophages, and mature DC. Mature thymocytes are localized in the thymic medulla; they express very low levels of CXCR4 (23, 24) and do not respond to SDF-1-mediated signaling (16) . Macrophages express various levels of CXCR4 and do not migrate in response to SDF-1 (25) (data not shown). DCs were shown to be present at both the cortex-medulla junction and within the thymic medulla (26) . In addition, mature DCs were shown to express high levels of CXCR4 and to migrate in response to SDF-1 (27) . Therefore, we studied the distribution of DC within the thymic medulla in relation to SDF-1 staining. Immunohistochemistry studies using Abs against the DC marker S100 demonstrated that DC were located at the cortex-medulla junction and were scattered throughout the medulla region (Fig. 2, a and c) . The S100 ϩ cells in thymic tissues exhibited morphology of DC, as confirmed by high power microscopy ( Fig. 2c, inset) . No staining was detected in the presence of normal rabbit IgG (Fig. 2b) . Similar results were obtained using Abs against another DC marker, CD83, which is expressed intracellularly by immature and mature DC (28) (Fig. 2d) . In addition to S100 and CD83 markers for DCs, staining for the CD68 marker, common for macrophages and immature DC, was performed (29) . CD68 ϩ cells were scattered throughout the medullary and, to a lesser extent, cortical regions of the thymus and were also detected within HC (Fig. 2e) . Double immunostaining performed using anti-SDF-1 and anti-S100 Abs demonstrated that S100 ϩ DC were found in locations overlapping that of the SDF-1 ϩ epithelial cells in the thymic medulla or within the circle of SDF-1 ϩ cells forming HC (Fig. 2, e and f) . Together, these immunohistochemistry studies demonstrated that both mature and immature DC could be found in situ in the human thymic medulla, and a fraction of these DC are located within close proximity to HC.
Phagocytosis of apoptotic thymocytes by immature DC
Immature DC generated from peripheral blood have been shown to engulf apoptotic cells (28, 30 -35) . To determine whether immature DC can uptake apoptotic human thymocytes, thymocytes were labeled with PKH26 Red (28), treated with dexamethasone to induce apoptosis, and then cocultured with monocyte-derived immature DC. Initially, the number of apoptotic thymocytes was evaluated using FACS analysis by enumerating the number of cells double positive for FITC-annexin V and for PKH26 Red. Apoptosis was detected in 2-6% of untreated and in 60 -72% of dexamethasone-treated thymocytes in five separate experiments (Fig. 3, a   FIGURE 1 . In situ detection of SDF-1 production using cryostat sections and paraffin-embedded sections of the human thymus. Cryostat sections from normal human thymuses were stained with goat anti-SDF-1 Abs at 2 g/ml (a, ϫ10; b, ϫ40) or with normal goat IgG (c, ϫ10) for 1 h, followed by biotinylated horse anti-goat Abs at 7.5 g/ml. Slides were developed with the ABC-AP kit and Vector Red substrate. Stained cells are present in the outer walls of the HC in the medulla. Anti-SDF-1 Ab (2 g/ml) were adsorbed with recombinant SDF-1 (d) or recombinant RANTES (e) at 20 g/ml and were used for staining of cryostat sections as in a. Serial slides prepared from paraffin-embedded thymic blocks were incubated with anti-SDF-1 Abs at 5 g/ml overnight, followed by biotinylated horse anti-goat Abs at 30 g/ml (f, ϫ63) or with anti-A1/A3 Abs at 5 g/ml for 1 h, followed by biotinylated swine anti-rabbit Abs at 5 g/ml (g, ϫ63). Sections were developed with the ABC kit, followed by VIP (f, light purple) or DAB (g, dark brown) substrates. Sections from paraffin-embedded thymus were stained for apoptosis using TdT enzyme end labeling (h) or without TdT enzyme in the negative control (i) and were developed with New Fuchsin substrate (red; ϫ63). and b). Next, the PKH26 Red-labeled apoptotic (or untreated) thymocytes were mixed with PKH67 Green-labeled immature, monocyte-derived DC. After 4 h of coculture, cells were placed on glass slides via cytospin and examined by immunofluorescence microscopy using individual filters for each color (Fig. 4) . In Fig. 4a only DC can be seen using the FITC filter, and in Fig. 4b only thymocytes are visualized with the rhodamine filter. The combining of images generated with individual filters allowed detection of DC that had engulfed thymocytes. These cells appeared yellow (Fig.  4c) . Unphagocytosed Red-labeled apoptotic thymocytes could also be detected on the same slides (Fig. 4d) . For a quantitative analysis of phagocytosis, dyed DC were cultured alone or in the presence of dyed thymocytes (either untreated or dexamethasone-treated), cultured for 24 h, and subjected to FACS analysis (Fig. 5) . Phagocytotic uptake was determined by the presence of double-positive cells. Phagocytosis was detected in DC cultured with apoptotic, but not untreated, thymocytes or when DC were cultured alone (Fig. 5) .
Analysis of CXCR4 expression and function on DC cultured with apoptotic thymocytes
To determine whether SDF-1 may play a role in attracting DC, we examined whether phagocytosis of apoptotic thymocytes by immature DC induced up-regulation of CXCR4 on DC and enhanced chemotaxis in response to SDF-1. Immature DC were cultured alone or with apoptotic thymocytes or in the presence of soluble CD40L (as a positive control). After 24 h of culture, CXCR4 expression was determined by flow cytometry (Fig. 6a) . A low level of CXCR4 was detected on DC cultured alone (⌬MFC 83). Addition of either apoptotic thymocytes or CD40L to the DC induced an increase in CXCR4 expression on DC; ⌬MFC 148 and 191, 2. Close association of DC with SDF-1-expressing cells in the medullar region of human thymus. Serial slides were prepared from paraffin-embedded thymic tissues and were incubated with 2 g/ml rabbit anti-S100 Ab (a, ϫ10; c, ϫ20), or normal rabbit IgG (b, ϫ10) or with mouse anti-CD83 mAb at 20 g/ml (d, ϫ20) for 1 h. The slides were then incubated with biotinylated swine anti-rabbit IgG Ab (F(abЈ) 2 ) at 2.25 g/ml (a-c) or biotinylated horse anti-mouse IgG Ab at 5 g/ml (d) for 1 h. Slides were developed with an ABC kit and DAB substrate. Inset, right upper corner, High power view (ϫ100) of DCs stained with anti-S100 Ab (area located within black rectangle of c). Staining of thymic tissue was performed with mouse anti-CD68 mAb at 10 g/ml, followed by biotinylated horse anti-mouse IgG Ab (F(abЈ) 2 ) at 5 g/ml (e, ϫ20). Double staining for SDF-1 and DC was performed on slides from paraffin-embedded normal thymic tissue (f, ϫ63). Slides were stained with anti-S100 Abs and developed with DAB as in a. The same slides were then incubated with the blocking buffer for 1 h and stained with anti-SDF-1 Ab at 5 g/ml overnight, followed by biotinylated horse anti-goat Abs at 30 g/ml for 1 h. Slides were developed with an ABC kit, followed by Vector VIP substrate. Note brown cells (DC) either attached to or enclosed by light purple cells (SDF-1-positive epithelial cells). respectively (Fig. 6a) . To determine whether the observed increase in CXCR4 surface expression correlated with increased migration of DCs in response to SDF-1, chemotaxis assays were performed. Incubation of DC with apoptotic thymocytes induced an increase in migration of DC in response to SDF-1 from 1200 Ϯ 50 to 3400 Ϯ 100 (Fig. 6b) . A similar increase in migration of DC in response to SDF-1 was observed when DCs were cultured with irradiated thymocytes or CD40L (data not shown). Only minimal migration of DC was observed in the presence of medium (Fig.  6b) . The identity of the migrating cells was confirmed by removing cells from the lower chambers of the chemotaxis plates and subjecting them to flow cytometry at fixed (100 s) acquisition intervals (Fig. 6c) . When DC were cultured alone, 1500 DC were acquired. A 2-fold increase in the numbers of migrated DC was detected after DC were cultured with apoptotic thymocytes (Fig. 6c) . Incubation of DC with untreated thymocytes induced an approximately 30% increase in the number of migrated DC (Fig. 6c) . Thus, our data demonstrate that uptake of apoptotic thymocytes by DC induces up-regulation of CXCR4 that correlates with increased chemotaxis in response to SDF-1. 
Thymuses from HIV-1-infected SCID-hu mice display enlarged HC
It was of interest to determine whether the morphology of HC is altered in human thymuses with enhanced apoptosis of thymocytes due to viral infection. To test this hypothesis, SCID-hu mice were constructed by implanting human fetal thymic and liver tissues under the kidney capsule of SCID mice, and mice were either mock-infected or infected with macrophage-tropic, laboratoryadapted HIV-1 viruses or a dual-tropic HIV-1 primary isolate (36) . Three months postinfection, thymic implants were isolated and examined by immunohistochemistry. In thymuses from mockinfected animals, HC were spread throughout the medulla, and their appearance was very similar to that of cells in normal thymic tissues (Fig. 7a) . SDF-1 staining in SCID-hu thymuses was more intense than in thymic explants from infants (Fig. 1) . SDF-1 was expressed throughout the medulla and also along the walls of HC. This difference in SDF-1 staining pattern may reflect the earlier developmental stages of the SCID-hu thymuses (fetal) or the xenogenic implantation environment. Importantly, in the thymuses derived from SCID-hu mice infected with macrophage-tropic and dual-tropic HIV-1, HC were dramatically enlarged (Fig. 7, b-d) . Staining with anti-S100 Ab revealed an intensive network of DC in the thymic medulla from both uninfected and infected tissues (Fig.  8 ). DCs were also found in close proximity to and within HC in both uninfected and HIV-1-infected thymuses (Fig. 8, a-c) . TUNEL assay with TdT enzyme revealed numerous apoptotic cells (red stain) in infected (Fig. 8d) , but not in uninfected, thymuses (data not shown). When TdT labeling was performed on serial sections of an infected thymus, in parallel with staining with S100 Abs, S100
ϩ DC could be detected in the areas overlapping the apoptotic cells (Fig. 8, e and f) . These data suggest that in HIV-infected thymuses, DCs may be involved in the uptake of apoptotic thymocytes. Furthermore, HC enlargement most likely reflects the need to remove large numbers of dying cells within the infected thymuses due to direct or indirect effects of HIV-1 infection.
Discussion
To study the potential role of SDF-1 in cellular traffic within the human thymus, it was important to determine the in situ localizations of intrathymic SDF-1 production. Staining of thymic tissues from normal individuals demonstrated that SDF-1 is expressed at high levels in epithelial cells lining the outer walls of HC in the medullary area of human thymus. The specificity of SDF-1 staining was confirmed by complete blocking of staining by preadsorption of the Abs with recombinant SDF-1, but not with RANTES. It was also found that DC can be found in close proximity to or surrounded by SDF-1 ϩ epithelial cells of the HC. It was previously postulated that HC play an important role in removal and disintegration of dying cells within the thymus (see below). Based on our immunohistochemistry findings, we hypothesized that thymic DC may engulf apoptotic thymocytes in the medulla and/or the cortical/medullary junction, resulting in their enhanced migration toward SDF-1-expressing cells in HC. This model is supported by a series of earlier studies demonstrating 1) the location of apoptotic thymocytes in both the cortex and the medulla of murine thymus (37, 38) , and 2) the presence of apoptotic thymocytes within thymic DC following irradiation of rat thymus (39) . In the present report we demonstrate that immature DC generated in vitro from peripheral blood monocytes readily engulfed human apoptotic thymocytes. Importantly, the phagocytosis of apoptotic thymocytes by DC induced an increase in their ability to migrate in response to SDF-1 that correlated with an increase in surface CXCR4 expression. To further test our model in vivo, we examined tissue samples derived from SCID-hu thymuses with an active HIV-1 infection. It was found that HC were dramatically enlarged, and numerous DC were found either attached to or enclosed within HC in the infected thymuses. In addition, DCs in the infected thymuses were found to contain apoptotic cells.
HC are considered to be a part of the reticuloendothelial network constructing the thymic microenvironment. Reticuloendothelial cells usually undergo hypertrophy before their inclusion in the outer walls of the corpuscles (21) . During development, HC become infiltrated by granulocytes, thymocytes, and macrophages. Our data on the presence of fragmented DNA in HC is in agreement with the earlier postulate that the function of HC is associated with cellular disintegration (21) . However, the mechanism inducing transport of dying cells to the HC is poorly understood in part due to the fact that murine thymuses do not contain visible HC (21) (data not shown). Our data provide the first evidence that epithelial cells in human HC produce SDF-1, and that SDF-1 may be involved in attracting DC to HC to facilitate removal of apoptotic thymocytes.
In search for the cell type that may be targeted by SDF-1 in the medulla, we examined the intrathymic distribution of DC in human thymuses. Using Abs against the DC markers, S100 and CD83, DC were localized to the cortex-medulla junction and medullary area in agreement with previous reports (26) . Importantly, in a doublestaining analysis with Abs against SDF-1 and S100, DC were found in locations overlapping that of the SDF-1 ϩ epithelial cells forming the HC. These observations support the hypothesis that SDF-1 may play a role in attracting DC to HC. Thymic tissues were also stained with CD68 marker that is expressed by macrophages and immature DC (29) . CD68 ϩ cells were located primarily in the medulla and at the medullary/cortex junction. Thus, DC at different maturation stages are found in the medulla of human thymuses. In addition, a fraction of the DC is associated with HC. Apoptotic thymocytes have been detected in situ in the cortex and medulla of the murine thymus (37) . Medullary DC have been shown in situ to contain ingested thymocytes following rat thymus irradiation (39) . These observations allowed us to propose the hypothesis that SDF-1 produced in HC may attract thymic DC after they engulfed apoptotic thymocytes. To test this hypothesis, immature DC were cocultured with human apoptotic thymocytes. Our results demonstrated that immature DC take up dying, but not untreated, human thymocytes, in agreement with other studies on phagocytosis of apoptotic cells by immature DC (28, 30 -34) . Importantly, we observed an increase in SDF-1-induced migration in DC after they engulfed apoptotic thymocytes that correlated with increased surface CXCR4 expression. It was previously shown that only mature DC that were differentiated in the presence of LPS, TNF-␣, or CD40L, migrate in response to SDF-1 (27, 40) . In our experiments, we did not detect increased surface expression of the marker for mature DC, CD83 (data not shown). The lack of full maturation of DC observed in our experimental system is in agreement with the previous observation that phagocytosis of apoptotic cells by DC does not provide a complete maturation stimulus, and that an additional signal, such as TNF or CD40L, may be required for full DC maturation (33) . Importantly, up-regulation of CXCR4 on DC following phagocytosis of apoptotic thymocytes was detected in our experiments. It is possible that other chemokine receptors are also induced on DC as a result of their uptake of apoptotic cells. To date only one other chemokine, MDC, was shown to be expressed in HC (9) . However, within the thymus the MDCspecific receptor CCR4 is expressed on a subset of mature thymocytes, but not on DC. Therefore, MDC is not likely to be involved in targeting DCs to HC.
Thymocyte depletion as a result of HIV-1 infection has been shown to be a major cause of the onset of immunodeficiency in children and young adults (41, 42) . Infections of thymic implants with macrophage-tropic HIV-1 viruses in SCID-hu mice induced depletion of primarily mature thymocytes (43, 44) . Therefore, thymuses derived from macrophage-tropic HIV-1-infected SCID-hu mice represent a good in vivo model of progressive thymocyte apoptosis in the medulla. Our experiments demonstrated that HC are dramatically enlarged in thymuses derived from SCID-hu mice infected with various HIV-1 viruses and are in agreement with previous observations of enlarged sizes and increased numbers of HC in other acute infectious diseases (diphtheria, whooping cough, influenza) (21) . Importantly, we observed that in HIV-1-infected SCID-hu thymuses, some DCs contained apoptotic cells and could be detected either attached or within the circle of SDF-1-expressing cells in HC.
SDF-1 was previously shown to play an important role in targeting the migration of CD34 ϩ precursors to the sites of their differentiation (17) . However, its role in populating the thymus with CD34 ϩ thymocyte progenitors is not clear, since SDF-1 knockout mice were found to have structurally normal thymuses (15) . However, it could not be established whether thymocyte maturation and selection proceeded normally due to the prenatal death of these animals (15, 22) . The role of SDF-1 in the thymic medulla was recently addressed in the studies using mice with reduced CXCR4 expression in all hemopoietic cells due to the presence of a genetically introduced modified SDF-1 intrakine gene (45) . A reduced proportion of double-positive thymocytes and accumulation of single-positive thymocytes were detected in this experimental system, suggesting the improper function of cells that are involved in controlling the numbers of mature thymocytes or removing negatively selected cells. The same authors also reported that in mice SDF-1 is highly expressed in the medulla, but not in the cortex (data not shown) (45) .
In summary, the results presented in the current report suggest that CXCR4/SDF-1 chemotaxis may play a role in the elimination of cells undergoing programmed cell death in the thymus. Since most mature single-positive thymocytes down-regulate CXCR4 (16) , medullary DC may assist in the removal of apoptotic mature thymocytes by engulfing them and delivering them to HC or other sites of intrathymic cell destruction. . Slides were stained with S100 Ab and developed as described in Fig. 2 . S100-positive DC stained brown and located close to or within HC in infected thymuses. Slides from HIV-1-infected thymus were subjected to apoptosis detection as in Fig.  1h (ϫ20, d) . Serial slides from infected thymus were tested for apoptosis (ϫ63, e) or were stained with S100 Ab as in Fig. 2 (ϫ63, f) .
